Abstract-A new metamaterial-inspired microwave microfluidic sensor is proposed in this paper. The main part of the device is a microstrip coupled complementary split-ring resonator (CSRR). At resonance, a strong electric field will be established along the sides of CSRR producing a very sensitive area to a change in the nearby dielectric material. A micro-channel is positioned over this area for microfluidic sensing. The liquid sample flowing inside the channel modifies the resonance frequency and peak attenuation of the CSRR resonance. The dielectric properties of the liquid sample can be estimated by establishing an empirical relation between the resonance characteristics and the sample complex permittivity. The designed microfluidic sensor requires a very small amount of sample for testing since the cross-sectional area of the sensing channel is over five orders of magnitude smaller than the square of the wavelength. The proposed microfluidic sensing concept is compatible with lab-on-a-chip platforms owing to its compactness.
I. INTRODUCTION

M
ICROWAVE sensors are very attractive choices for many of electronic, biomedical and industrial applications [1] , [2] . They offer many advantages including high sensitivity, robustness and low fabrication and measurement costs [3] . These advantages make them preferable choices for microfluidic and biosensing applications [4] , [5] . High sensitivity and accurate identification of chemical and biological liquid samples using microwave dielectric and cylindrical resonators have been studied and demonstrated [5] - [9] . In these applications, the resonance frequency changes and the transmission characteristics at resonance are used for determination of the complex permittivity. Notably, a relatively large device size makes these type of sensors unsuitable for integrated systems. In [10] , a compact microwave sensor is designed for broadband microfluidic permittivity measurement Manuscript received September 30, 2013 ; revised November 17, 2013; accepted December 2, 2013. Date of publication December 18, 2013 ; date of current version March 11, 2014 . This work was supported by the South Australian node of the Australian National Fabrication Facility through the National Collaborative Research Infrastructure Strategy to provide nano and microfabrication facilities for Australian researchers. The associate editor coordinating the review of this paper and approving it for publication was Prof. Sang-Seok Lee.
The authors are with the School of Electrical and Electronic Engineering, The University of Adelaide, Adelaide 5005, Australia (e-mail: amir.ebrahimi@adelaide.edu.au; withawat@eleceng.adelaide.edu.au; alsarawi@eleceng.adelaide.edu.au; dabbott@eleceng.adelaide.edu.au).
Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JSEN. 2013.2295312 with complicated mathematical post-processing. In [11] , a new K -band microfluidic device was proposed based on a quarter-wavelength resonator designed on coplanar waveguide. It employs a change in the resonance frequency for dielectric characterization. Despite the compactness and high sensitivity, the quality factor of the resonance is moderate, affecting the measurment accuracy for a small change in the dielectric properties.
Recently, a new microwave sensing platform is being developed using the concept of metamaterials [12] , [13] . Metamaterials are artificially engineered materials made of sub-wavelength resonators that can manipulate the electromagnetic waves in a way causing some exotic electromagnetic properties [14] . Metamaterial inspired devices are suited to sensing applications since they offer improved compactness and a high Q-factor that is very sensitive to environmental changes [15] . Various types of new or improved microwave and terahetz sensors have been introduced so far using this new concept for different sensing applications such as displacement [16] - [18] , rotation [17] , [19] thin-film sensing [20] - [22] , and strain sensing [23] , [24] . Further to that, there are a few studies on metamaterial-based microfluidic characterization. In [25] and [26] microfluidic channels were designed to deliver the fluid sample to an array of resonators causing a significant modification of the resonance frequency. Nevertheless, this configuration requires a large amount of liquid sample for identification. In addition, a left handed planar medium formed, by using a spiral-resonator coupled microstrip line was designed together with a microfluidic channel for liquid sensing [27] . This device shows a bandpass response that is not accurate for dielectric characterization. Recently, we proposed a metamaterial-based microfluidic sensor with a single split-ring resonator (SRR) coupled microstrip line [28] . The microfluidic channel was considered in the gap area of the SRR where there is a very strong and localized electric field on resonance. Applying the liquid sample to this capacitive gap modifies the resonance frequency and quality factor from which the complex permittivity of mixtures can be determined. However, the sensitivity of the device was not enough to discriminate small changes in the permittivity of the sample as the maximum resonance frequency shift was reported to be around 100 MHz for a permittivity change of 80 [28] .
In this paper, a complementary split-ring resonator (CSRR) is used instead of a SRR, to provide a larger area of fringing electric field that increases the effective interaction area with the sample. The proposed sensor determines the complex permittivity of liquids based on changes in the resonance frequency and peak attenuation of the transmission response (|S 21 | max ) on resonance. The device is designed to operate at around 2 GHz and is compatible with lab-on-a-chip. So, it satisfies the need for low-cost and compact high sensitivity devices in microwave microfluidic applications.
The next section describes the sensing concept and the operation principle of the sensor. The fabrication process and measurement setup are explained in Section III. A sensing model is developed for the designed device in Section IV. The proposed microfluidic sensing method is validated through measurements in Section V and finally, Section VI forms the conclusion.
II. OPERATION PRINCIPLE
The main part of the proposed sensor structure is a microstrip coupled CSRR as shown in Fig. 1(a) . The CSRR is composed of a metallic capacitive plate that is connected through an inductive metallic path to the surrounding ground plane at a distance c from its edge. Since the CSRR is etched in ground plane and is mainly excited by the electric field of the microstrip line, the whole coupled structure can be modelled by the lumped element circuit in Fig. 1(b) [29] . In the equivalent circuit model, the parallel combination of L C , C C and R C models the CSRR, where C C stands for the capacitor between the square-shaped metallic plate and the ground plane, L C stands for the inductance of the metallic inductive path of width g connecting the capacitive plate to ground, and R C models the equivalent loss associated with the CSRR [30] . Here, L and C model the inductance and capacitance of the microstrip line, respectively.
When the microstrip is fed with a microwave signal, it develops a quasi-TEM electromagnetic wave propagation mode described by a magnetic field circulating around the microstrip and an electric field pointing towards the ground plane. This electric field excites the CSRR inducing a voltage difference between the capacitive plate and the ground plane. The resonance occurs when the electric energy stored in the C and C C capcitors equals to magnetic energy of the inductive strip of L C . As shown in Fig. 2 , at resonance, a strong electric field will be established across the gap between the capacitive plate and ground. The electric field is stronger across the lower edge of the square-shaped CSRR making this region very sensitive to dielectric changes. Therefore, a microfliuidic channel is laid across the lower edge of the CSRR. The resonance can be observed as a notch in the transmission coefficient of the structure as illustrated in Fig. 2 . From the circuit model of Fig. 1(b) , the resonance frequency can be defined as [30] 
and the quality factor of the resonance is
It is worth noting that the capacitor C C is affected by the dielectric materials near the gap between the CSRR and ground. So, it can be approximated by
where, C 0 models the capacitive effects of the dielectric substrate, channel walls and surrounding space excluding the channel cavity and the term sam C e denotes the capacitive effect of the liquid sample loaded into the microfluidic channel. Here, C e is the capacitance of the empty channel. Now, if the complex permittivity of the liquid sample is considered to be sam = sam + j sam , from (1)- (3), both of the resonance frequency and the quality factor will be functions of the liquid sample permittivity or
The above discussion indicates that the resonant characteristics of the microstrip coupled CSRR device are dominated by the complex permittivity of a liquid sample. Therefore, by analyzing this dependency, we can determine the complex permittivity of an unknown liquid sample simply by measuring the transmission resonance characteristics. 
III. FABRICATION PROCESS
The designed device has been fabricated on Rogers RO6002 microwave substrate with a relative permittivity of 2.94 for allowing significant fringing field in the sensing area and hence increasing the sensitivity. The substrate thickness is 0.508 mm. The copper metalization for the ground plane and 50 microstrip line is 18 μm.
As mentioned before, the microfluidic channel is positioned along the lower edge of the CSRR. The material used for channel is polydimethylsiloxane (PDMS) since it is inexpensive, widely available, biocompatible, durable, and easy to process [10] , [11] . For channel fabrication, a mold has been prepared on a silicon substrate by using a thick photoresist mask and chemical etching. Then, a PDMS layer is deposited on the prepared mold and cured at 80°C. Finally, the PDMS channel is peeled off and attached to the microstrip coupled CSRR. The channel is manually positioned to the lower side of CSRR where the fringing electric field is strongest and therefore, the sensitivity to the dielectric property changes is maximum. The height, width and length of the channel are 0.06 mm, 0.7 mm and 14 mm, respectively. Fig. 3 shows the bottom view and cross section of the structure when the channel is attached to the substrate.
The PDMS channel ensures a constant volume and shape of the liquid sample across the sensing area. It should be mentioned that the device response might be influenced by the position of the channel but it should not be an issue since the channel position is kept unchanged during all measurements. In a similar manner to [28] , the measurements are carried out based on a stop-flow technique. A binary solution of distilled water and ethanol is used as a liquid sample for testing since it provides a broad range of the complex permittivity at the low microwave frequency range [31] . Teflon tubes, together with a syringe, connected to the inlet and outlet of the channel are used for filling and draining the channel. The fabricated and assembled sensor is shown in Fig. 4 together with the measurement setup. During the measurements, a very low pressure is applied to the syringe to avoid channel deformation. In each step, the channel is firstly filled with the liquid sample and then the flow is stopped for measurement. The resonance frequency and peak attenuation parameters are then recorded to characterize the liquid test samples. As seen in Fig. 5 , the resonance frequency and peak attenuation are maximum when the channel is not attached to the sensor. By adding the PDMS channel, the resonance frequency is shifted down with a small decrease of peak attenuation since a part of the CSRR is covered with the PDMS.
IV. DEVICE CHARACTERISTICS
A. Initial Measurements
For investigating the effect of the complex permittivity ( sam + j sam ) on the resonance frequency and peak attenuation, a set of experiments has been performed using binary mixtures of distilled water and ethanol. The dielectric properties of water-ethanol mixture was accurately studied in [31] . The accurate complex permittivity of the test fluid samples [28] , [31] are listed in Table I . For the first set of measurements, the volume fraction of water is changed from 10% to 90% with a step size of 20% and at each step, the resonance frequency and peak attenuation of the sensor are recorded giving a data set of 5 samples. The measurement results of the resonance frequency and maximum attenuation for the 5 test samples are shown in Fig. 6 . As seen, the resonance frequency is shifted from 1.875 GHz down to 1.57 GHz as the water volume fraction increases from 10% to 90%. The peak attenuation is minimum when the water volume fraction is 30%. It is worth noting that the observed nonlinearity in the peak attenuation with respect to the water content follows the nonlinear loss function of water mixture [28] , [31] .
B. Mathematical Model Derived from Measurments
Based on the measurement results of the five test samples, a simple model is derived for resonance frequency shift and peak attenuation variations as a function of the complex permittivity. This simplified model can be defined as Here, the mixture with a 50% water fraction is considered as the reference. The unknown parameters of the matrix can be determined from the data available from the measurement results of Fig. 6 , together with the reported complex permittivity in Table 1 . The benefit of this model is that all the fabrication tolerances of the device are fully taken into account. The coefficients of the model in (5) are over determined by test datasets. So, the least-squares method explained in [28] can be used to approximate the coefficients. This method yields the following matrix that relates the resonance frequency and maximum attenuation changes to the complex permittivity 
By comparing the coefficients in (6), it will be found that the effect of on the resonance frequency is approximately 20 times larger than the effect of . On the other hand, the impact of on the peak attenuation is 650 times higher than the influence of . Considering the samples of Table I max ≈ 28, max ≈ 0.176.
So, by neglecting m 12 and m 21 the maximum errors of f 0 is
and the maximum error in |S 21 | can be obtained as
From (8) and (9) it can be inferred that the contributions of on the resonance frequency shift and on the peak attenuation changes are negligible. So, the characteristic matrix of (6) can be simplified as
The complex permittivity of unknown liquid samples can be determined using matrix inversion. Inverting (10) 
which can be used for determining the complex permittivity of unknown liquid samples simply just by measuring the resonance characteristics. 
V. EXPERIMENTAL RESULTS AND VALIDATION
In order to verify the presented sensor model in (11), the water ethanol mixture is used again. This time, the volume fraction of water is changed from 0% to 100% with the step size of 20% giving 6 data sets of measurement results. The measured transmission responses of the sensor for these sets of samples are shown in Fig. 7 together with the extracted resonance frequency and peak attenuation. As seen, the corresponding frequency shift for 0%-100% of the water volume fraction is around 400 MHz, showing 4 times higher sensitivity with respect to our previous design [28] with a 100 MHz frequency shift. The model presented in (11) (13) with a subscript 'mod' for the values obtained from (11) . For comparison, the obtained complex permittivity values of the samples are plotted against the exact values in Fig. 8 . This figure shows an acceptable accuracy of the simplified model of (11) . The small disagreements between the measured and literature values of complex permittivity may potentially arise from the measurement uncertainties or the simplified linear approximation of the sensing model. The accuracy can be increased by using a higher order approximation. The device can also be tested with other sets of liquid samples covering wider ranges of complex permittivity values to produce a more accurate sensing model.
VI. CONCLUSION
A simple and efficient concept for a microwave microfluidic sensor is proposed and validated. By exploiting the advantage of a microstrip-coupled CSRR, a very strong electric field is produced in a small area, resulting in a high sensitivity to the dielectric property of surrounding materials. A PDMS microfluidic channel has been attached along the lower edge of CSRR to deliver the fluidic sample to the sensing area where the cross section of the sensing channel is small as 2 × 10 −5 λ 2 0 . Binary mixtures of water-ethanol have been used to characterize the sensor. Measurement results show a good accuracy when using the proposed microfluidic sensor and the parameter estimation model. The proposed concept promises a high sensitivity and accurate microfluidic sensing at low microwave frequencies. Owing to its compact structure, the device has the potential to be integrated with system-on-a-chip. His research interests include design techniques for mixed signal systems in CMOS and optoelectronic technologies for high performance radio transceivers, low power and low voltage radio frequency identification systems, data converters, mixed signal design, and microelectromechanical systems for biomedical applications. His current educational research is focused on innovative teaching techniques for engineering education, research skill development, and factors affecting students evaluations of courses in different disciplines.
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